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Ca’* influx is an essential component of the
positive-feedback loop that maintains leading-edge
structure and activity in macrophages
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In migrating eukaryotic cells, phosphatidylinositol 3-kinase (PI3K),
filamentous actin (F-actin), and monomeric Rho GTPases are key
components of a complex positive-feedback system that maintains
and amplifies a phosphatidylinositol-3,4,5-trisphosphate signal at
the leading edge of the cell. This lipid signal is required for cell
polarization and movement. In leukocytes and Dictyostelium, ac-
tivation or inhibition of any one of these components leads to the
activation or inhibition, respectively, of the others via undefined
feedback interactions. The role of Ca2* signals in migrating leu-
kocytes is controversial, and there has been no indication that Ca2+
participates in positive feedback. Here, we demonstrate that an
extracellular Ca2+ influx is required for positive feedback at the
leading edge of spontaneously polarized macrophages. Inhibition
of extracellular Ca?* influx leads to loss of leading-edge PI3K
activity, disassembly of F-actin, cessation of ruffling, and decay of
chemoattractant signals. Conversely, increasing cytosolic Ca2* en-
hances membrane ruffling, PI3K activity, and F-actin accumulation.
Overall, these findings demonstrate that an extracellular Ca2+
influx is an essential component, together with PI3K and F-actin, of
the positive-feedback cycle that maintains leading-edge structure
and ruffling activity and that supports the chemoattractant re-
sponse. Strikingly, the Ca2*-sensitive enzyme protein kinase Ca
(PKCq) is enriched at the leading edge, and its enrichment is
sensitive to blockade of Ca?* influx, to inhibition of PI3K activity,
and to F-actin depolymerization. These findings support the work-
ing hypothesis that a local, leading-edge Ca2* signal recruits PKCa
as a central player in the positive-feedback loop.

actin | calcium | chemotaxis | phosphoinositide 3-kinase |
phosphatidylinositol-3,4,5-trisphosphate

he importance of Ca?" in directed cell migration has been
long recognized (1-5) and controversial (6, 7). Leukocyte
migration, for example, slows and stops when the Ca?* is
depleted from the extracellular medium or is chelated from the
medium with EGTA or when the Ca?* channel blocker La3" is
added to the extracellular medium (1-5, 8). Similarly, migration
slows when the intracellular Ca?* is buffered (9, 10). Further-
more, in many leukocytes, addition of exogenous phosphatidyl-
inositol-3,4,5-trisphosphate (PI(3,4,5)P3), the lipid product of
PI3K, stimulates a Ca?" influx, whereas PI3K inhibition blocks
Ca?" influx, implicating a link between PI3K and Ca?* signaling
(11-13). All of these observations suggest that Ca?>* plays an
important, but undefined, role in cell polarization or migration.
However, the function of Ca?* in leukocyte migration has not yet
been determined, and current models for leading-edge mainte-
nance and signaling do not propose a role for Ca?* (14-16).
The formation of an actively ruffling leading edge is a key
cellular event that always precedes migration, and maintenance
of a leading edge is required for persistent migration (14-16).
The present study investigates the potential link between Ca?*
signaling and leading-edge maintenance by fluorescence imaging
in live RAW264.7 mouse macrophages (hereafter referred to as
RAW cells). Using fluorescent proteins to determine the cellular
localizations of PI3K activity, actin, and PKCe, the study finds
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that an extracellular Ca”" influx (i) participates in a positive-
feedback cycle with PI3K and F-actin activities at the leading
edge, (if) contributes to the organization and maintenance of an
actively ruffling leading edge, (iii) localizes PKCa to the ruffling
leading edge, and (iv) supports prolonged stimulation of PI3K
activity by chemoattractant.

Results

Characterization of Polarized RAW Cells as a Model System for the
Macrophage Leading Edge. To investigate the contribution of Ca?*
signaling to leading-edge structure and function, we used spon-
taneously polarized RAW cells as a macrophage model system.
We have found that RAW cells display spontaneous polarization
when plated on glass and exhibit active ruffling of the leading-
edge membrane [Fig. 14 and supporting information (SI) Movie
1]. Because the trailing end of these cells adheres tightly to the
glass, the cell becomes quite elongated and fails to crawl, yielding
a spatially and kinetically stable leading edge. The resulting
polarized cell is an ideal model system for quantitating the
cellular processes essential for leading-edge maintenance and
signaling.

The establishment of cell polarity required for spontaneous
and chemotactic cell movement is believed to involve a positive-
feedback loop that self-organizes the leading edge of migrating
amoeboid cells ranging from Dictyostelium to leukocytes (15—
19). The currently identified components of this feedback system
are (i) activation of PI3K to produce the signaling lipids
PI(3,4,5)P3 and PI(3,4)P, (18, 20), (if) polymerization of actin
(19, 21), and (iii) activation of the monomeric GTPase Racl (22,
23). To assay for PI3K activity, we used GFP fused to the Aktl
pleckstrin homology (PH) domain (GFP-Akt1PH), which binds
specifically to PI(3,4,5)P3 and PI(3,4)P, and is widely used as a
PI3K activity sensor (24). GFP-Akt1PH was observed to accu-
mulate at the leading edge of ruffling RAW cells (Fig. 1 B-D and
SI Fig. 54), and its accumulation was stable for long periods
(>15 min) (SI Fig. 5B and SI Movie 2). To visualize F-actin, we
used both (i) GFP fused to B-actin (GFP-actin), which incor-
porates into F-actin filaments, and (if) fluorescently labeled
phalloidin, which preferentially stains F-actin. Both probes were
found predominantly in leading-edge ruffles (Fig. 1 B—D and SI
Fig. 54). Finally, to observe Racl, we stained cells with fluo-
rescent anti-Racl antibody, which also localized predominantly
to the leading edge (SI Fig. 54). Thus, all three components of
the established positive-feedback loop targeted preferentially to
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Fig. 1. Characterization of polarized RAW cells. (A) Wild-type, polarized
RAW cells imaged at 5-s intervals as visualized by Nomarski optics, illustrating
the pronounced, ruffling leading edge. (B and C) Time-lapse fluorescence
images of spontaneously polarized RAW cells expressing GFP-Akt1PH (Upper)
or GFP-actin (Lower) treated with 500 nM wortmannin (WORT) (B) or 10 ug
ml~"latrunculin B (LatB) (C). Images show the cell at the time indicated relative
to drug addition, illustrating the redistribution of fluorescent protein from
the leading-edge region to the cell body (defined as the regions to the left and
right of the vertical bar, respectively) after treatment. For each time series, the
intensity scaling was the same for all images. Images are representative of at
least five experiments. (D) Plots show the integrated GFP-Akt1PH fluorescence
versus time for the leading-edge and cell body regions before and after
wortmannin (Left) or LatB (Right) addition, thereby quantitating the transfer
of fluorescent protein from the leading edge to the cell body after treatment.
See also SI Movies 1, 3, and 5-7 for A, B, and C.

the leading-edge membrane and ruffles of polarized cells. These
enrichments of Aktl, F-actin, and Racl at the leading edge arose
from specific recruitment of these components and not simply
from increased membrane density or cytoplasmic volume in the
ruffling region (see multiple controls in SI Fig. 5 A-E).

To directly test whether spontaneously polarized RAW cells
possess a PI3K/F-actin positive-feedback loop at their leading
edge, we next investigated the consequence of inhibiting PI3K
activity or F-actin treadmilling in ruffling cells expressing GFP-
Akt1PH or GFP-actin. The PI3K inhibitor wortmannin de-
creases PI(3,4,5)P; at the leading edge of cells by inhibiting its
production, whereas phosphatases continue to hydrolyze it (25).
Wortmannin treatment of cells caused rapid loss of GFP-
Akt1PH from the leading edge and stopped ruffling (Fig. 1B
Upper and SI Movie 3). Quantitative analysis of GFP-Akt1PH
fluorescence shows that, upon wortmannin treatment, the
leading-edge region experiences a large loss of fluorescence on
the same time scale as a significant fluorescence increase is
observed in the cell body (Fig. 1D, left plot and SI Fig. 6A).
DMSO, the vehicle for wortmannin, affected neither ruffling nor
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the cellular distribution of GFP-Akt1PH (SI Fig. 6B and SI
Movie 4). Treatment with wortmannin also caused loss of
GFP-actin from the leading-edge ruffles (Fig. 1B Lower and SI
Movie 5), as predicted by the positive-feedback hypothesis
requiring an essential link between PI3K activity and F-actin
polymerization.

Latrunculin B (LatB) sequesters monomeric actin and pre-
vents F-actin polymerization, resulting in loss of lamellipodial
structure (18). In polarized cells, GFP-actin at the leading edge
was rapidly lost after LatB treatment (Fig. 1C Lower and SI
Movie 6). Consistent with the positive-feedback hypothesis,
LatB treatment also caused loss of GFP-Akt1PH from the
leading edge (Fig. 1C Upper; Fig. 1D, right plot; and SI Movie 7).
Interestingly, the mechanism of Akt1PH loss from the leading-
edge membrane during LatB treatment appears qualitatively
different from its loss in response to wortmannin (compare Fig.
1 B Upper and C Upper). In addition to simple dissociation from
membrane, internalization of Akt1PH-bound plasma membrane
is also observed (best seen in SI Movie 7). In sum, these
observations demonstrate that a positive-feedback loop involv-
ing PI3K and F-actin regulates leading-edge ruffling in RAW
cells, as in other leukocytes.

A Ca?* Influx Maintains PI3K Activity, F-Actin Polymerization, and
Ruffling in RAW Cells. Because leukocyte migration both requires
a functional positive-feedback loop at the leading edge (18, 26,
27) and is inhibited by blocking Ca?" influx (1-5, 8), we next
investigated whether blockade of Ca?* influx disrupts the PI3K/
F-actin positive-feedback loop. To test this possibility, we ex-
amined the effects of reagents that block extracellular Ca?*
influx [EGTA, La3*, and the organic Ca?* channel inhibitor
SKF 96365 (SKF)] on the distribution of GFP-Akt1PH and
GFP-actin in polarized cells. We found that all three agents
produced a loss of GFP-Akt1PH from the leading edge within
2-3 min, concomitant with a loss of membrane ruffling (Fig. 24
and SI Movies 8-10). Addition of imaging buffer (vehicle for
EGTA and La3*) or DMSO (vehicle for SKF) had no effect on
ruffling or on the distribution of GFP-Akt1PH (SI Fig. 6 B and
(). Quantitation of GFP-Akt1PH fluorescence demonstrates
that the intensity loss from the leading edge is simultaneous with
the intensity increase in the cell body, indicating a dramatic loss
of P1(3,4,5)P3/PI(3,4)P; at the leading edge. In parallel experi-
ments, we found no redistribution of fluorescence of the
PI(4,5)P, sensor GFP-PLCS§;PH in response to SKF, wortman-
nin, or LatB (SI Fig. 74), suggesting that these agents affect the
distribution of P1(3,4,5)P3/PI(3,4)P, but not PI(4,5)P,. It follows
that an extracellular Ca?* influx is required for sustained PI3K
activity during maintenance of an active leading edge.

Similarly, we found that EGTA, La3", and SKF addition
caused rapid loss of leading-edge GFP-actin within 2 min of
addition (Fig. 2B and SI Movie 11). Nomarski imaging of
wild-type cells similarly showed a collapse of the leading edge
and ruffles in response to EGTA or SKF treatment (Fig. 2C and
SI Fig. 8, respectively, and SI Movies 12 and 13). Together, our
results strongly suggest that Ca?* influx participates in the
established PI3K/F-actin positive-feedback loop, because both
PI3K activity and F-actin-associated ruffling require influx of
extracellular Ca?*.

Our hypothesis that Ca?* influx is a required component of
the positive-feedback loop predicts that a cytoplasmic Ca?*
increase will stimulate PI3K activity and F-actin turnover, yield-
ing enhanced ruffling. To test this prediction, we next stimulated
polarized, ruffling cells with ATP, which elicits global cytoplas-
mic Ca?" signals in macrophages (28) and many other cell types
(29). Ruffling cells expressing GFP-Akt1PH and, stimulated
with ATP, exhibited a large, transient increase in GFP-Akt1PH
fluorescence at the leading edge (SI Fig. 94 and SI Movie 14).
In addition, large local increases were observed at ectopic ruffles
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Fig. 2. Inhibition of extracellular Ca2* influx results in loss of PI3K activity,
F-actin, and ruffling from the leading edge. (A and B) Time-lapse fluorescence
images of RAW cells expressing GFP-Akt1PH (A) or GFP-actin (B) treated with
3 mM EGTA (Top), 1 mM LaCl; (Middle), or 20 uM SKF (Bottom). Indicated
times are relative to drug addition. The images show the transfer of fluores-
cent protein from the leading-edge region to the cell body after drug addi-
tion, as do the accompanying plots of integrated GFP-Akt1PH fluorescence. (C)
Nomarski images of wild-type cell treated with 3 mM EGTA at the indicated
time, illustrating the loss of ruffling and retraction of the leading edge after
treatment. For each time series, the intensity scaling was the same for all
images. Images are representative of at least five experiments. See also SI
Movies 8-12 for A, B, and C.

outside the leading edge and at the tip of the uropod, and a small,
transient fluorescence increase was observed along the plasma
membrane of the cell body (SI Fig. 94 and SI Movie 14). The
latter findings suggest that the positive-feedback loop is oper-
ating in all regions of the plasma membrane but is normally
suppressed by lipid phosphatases and that such suppression can
be overridden by a large Ca?" signal. As expected from the
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observed increase in ruffling, ATP also transiently increased
GFP-actin at the leading edge, at the ectopic ruffle sites, and at
the tip of the uropod (SI Fig. 104 and SI Movie 15). In contrast,
ATP caused no fluorescence increase for the PI(4,5)P, sensor
GFP-PLC§,PH at the leading edge, ectopic ruffles, or the
uropod (SI Fig. 7B), suggesting that ATP specifically increases
the PI(3,4,5)P3/P1(3,4)P, products of PI3K activity at these
locations but not PI(4,5)P».

We also examined the effects of ATP on nonruffling RAW
cells presumed to have no preexisting, active positive-feedback
loop. In these cells, global addition of ATP caused no change in
the intracellular distribution of GFP-Akt1PH or GFP-actin (SI
Figs. 9B and 10B, respectively) in contrast to global addition of
chemotactic peptide C5a (24), which directly stimulated PI3K
and elicited global translocation of GFP-Akt1PH to the plasma
membrane in both ruffling and nonruffling cells (SI Fig. 9 C and
D and SI Movie 16). Together, these results indicate that
polarized cells possess an active positive-feedback loop driving a
ruffling leading edge and that feedback-loop activity can be
amplified by additional release of a Ca?" into the cytoplasm,
confirming our hypothesis that Ca* is an essential component
of positive feedback at the leading edge.

Localized PKCa Recruitment at the Leading Edge Requires Ca2* Influx,
PI3K Activity, and F-Actin. Plasma membrane targeting of PKCa to
the plasma membranes of mammalian cells is driven by the
binding of Ca’*, PI(4,5)P,, and phosphatidylserine to its C2
domain (30, 31). Once the C2 domain is docked to the mem-
brane, diacylglycerol (DAG) can bind to the PKCa C1 domain
(32-35). Because PI(4,5)P, is distributed homogeneously
throughout the inner plasma membrane leaflet of polarized
RAW cells (SI Fig. 5C Lower and SI Movie 17), and because
DAG binding can occur only when the protein is already docked
to the membrane during a Ca* signal (32-35), a Ca?* signal
alone is necessary and sufficient to trigger recruitment of
YFP-PKCa to plasma membrane, making PKCa useful as a
Ca?* sensor (36). Thus, addition of ATP, which elicits a global
and transient Ca?" signal, produced a global and transient
recruitment of YFP-PKCa to plasma membrane in both ruffling
and nonruffling cells (Fig. 3C and SI Fig. 11, respectively, and SI
Movie 18).

Strikingly, in unstimulated, ruffling cells, the YFP-PKCa Ca?*
sensor is stably enriched at the ruffling leading edge (Fig. 3.4-C
and SI Fig. 5C Middle). This finding suggests that a local
cytoplasmic Ca?* signal similar to that reported at the leading
edge of chemotaxing primary neutrophils (9) may exist in
polarized RAW cells. Upon addition of a Ca?* influx blocker,
either EGTA or La3™, a rapid loss of YFP-PKCa was observed
from the leading edge, and membrane ruffling ceased (Fig. 34
Upper and Lower, respectively, and SI Movies 19 and 20).
Quantitative analysis of the fluorescence distribution clearly
demonstrated that the blockade of Ca?* influx caused a dramatic
redistribution of YFP-PKCa from the leading edge to the cell
body. Similarly, wortmannin and LatB also triggered rapid loss
of YFP-PKCa from the leading edge of polarized, ruffling cells
(Fig. 3B and SI Movies 21 and 22), although the response to LatB
is qualitatively different from the response to wortmannin as
noted above (Fig. 1 B and C). These results indicate that an influx
of extracellular Ca®* is essential for a local, leading-edge Ca?*
signal detected in the cytoplasm by YFP-PKCa and that this
local Ca?* signal can be inhibited either by blocking Ca?* influx
or by disruption of the positive-feedback loop.

A CaZ* Influx Maintains PI3K Activity in Chemoattractant-Stimulated
RAW Cells. To ascertain whether the extracellular Ca?* influx is
essential for chemoattractant signaling, we next tested the effect
of blocking Ca?* influx on PI3K activity in RAW cells stimulated
with chemoattractant lipopolysaccharide (LPS). RAW cells
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Fig.3. RecruitmentofPKCatothe leading edge issensitive to extracellular Ca2*
influx, PI3K activity, and F-actin polymerization. (A) Time-lapse fluorescence
images of polarized RAW cells expressing YFP-PKCa treated with 3 mM EGTA
(Upper) or 1 mM LaCls (Lower). Plots show the integrated YFP-PKCa fluorescence
versus time for the leading-edge and cell body regions before and after drug
addition. Both the images and plots reveal a significant transfer of YFP-PKCa from
the leading edge to the cell body after blockade of Ca2* influx. (B) Time-lapse
fluorescence images of polarized RAW cells expressing YFP-PKCa treated with
500 nM wortmannin (WORT) (Upper) or 10 ug ml~" latrunculin B (LatB) (Lower).
Plots show the integrated YFP-PKCa fluorescence versus time for the leading-
edge and cell-body regions before and after drug addition. Both the images and
plots illustrate the redistribution of YFP-PKCa from the leading edge to the cell
body after treatment. (C) Time-lapse fluorescence images of a ruffling RAW cells
expressing YFP-PKCa treated with global addition of 25 uM ATP, showing a large
increase in fluorescence at the leading-edge plasma membrane as well as a global
targeting to plasma membrane throughout the cell body. Indicated times are
relative to addition of drug. For each time series, the intensity scaling was the
same for all images. Images are representative of at least five experiments. See
also SIMovies 18-22 for A, B, and C. Both wortmannin and LatB cause dissociation
of YFP-PKCa from the leading edge; in addition, LatB causes loss of YFP-PKCa
through internalization of plasma membrane, as best seen in S| Movie 21.

plated on a dense fibronectin substrate exhibited no polarization,
PI3K activity, or ruffling and, thus, lacked a detectable positive-
feedback loop. Nonpolarized cells expressing GFP-Akt1PH and
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Fig. 4. Inhibition of extracellular Ca2* influx or PI3K reverses the accumu-
lation of PI(3,4,5)P3 at the plasma membrane in LPS-treated cells. Time-lapse
fluorescence images of nonpolarized RAW cells plated on fibronectin and
expressing GFP-Akt1PH. Shown are cells before and after treatment with 10
uM LPS at 10 s, followed by treatment at 70 s with 0.1% DMSO (Top), 20 uM
SKF (Middle), or 500 nM wortmannin (Bottom). Plots show average pixel
intensity of Akt1PH fluorescence in the cytosol before and after drug addi-
tions. Indicated times are relative to drug addition. Both images and plots
indicate that the carrier (DMSO) has no effect, whereas the Ca2* channel
blocker (SKF) and PI3K inhibitor [wortmannin (WORT)] both inhibit the PI3K
activity in attractant-stimulated cells. For each time series, the intensity scaling
was the same for allimages. Vertical dotted lines indicate addition of LPS (Left)
and either SKF, wortmannin, or DMSO (Right). Images are representative of at
least three experiments. See also SI Movie 23.

stimulated with LPS exhibited a striking global translocation of
GFP-Akt1PH to the plasma membrane as the result of LPS-
generated PI3K activity, which persisted for several minutes and
was accompanied by membrane outgrowth (Fig. 44 Top and SI
Movie 23). However, addition of the extracellular Ca?* influx
blocker SKF 70 seconds after stimulation with LPS dramatically
shortened the PI3K response to LPS (Fig. 44 Middle) in a
fashion similar to the addition of the PI3K antagonist wortman-
nin (Fig. 44 Bottom). Fluorescence analysis confirmed the
reversal of GFP-Akt1PH translocation, from the plasma mem-
brane back to the cytosol, in response to both SKF and wort-
mannin treatment. Treatment of LPS-stimulated cells with LatB
also displaced GFP-Akt1PH from the plasma membrane as well
as triggering membrane internalization as previously seen in
other chemoattractant-stimulated leukocytes (SI Fig. 12 and SI
Movie 24) (18). Together, these findings indicate that extracel-
lular Ca* influx plays an essential role in maintenance of PI3K
activity and F-actin polymerization in cells stimulated with
chemoattractant.

Discussion

Together, the above evidence reveals that an extracellular Ca?*
influx is essential for the organization and maintenance of an active
leading edge in RAW macrophages. Inhibitors of the Ca?* influx
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cause the leading edge to collapse and disrupt both PI3K activity
and F-actin, whereas an increase in cytoplasmic Ca?* stimulates
ruffling and enhances PI3K and F-actin. Moreover, inhibition of
either PI3K activity or F-actin polymerization blocks the Ca?*
signal while disrupting the leading edge. As a result, the Ca?* signal
must now be considered a necessary component, along with PI3K
and F-actin activity, of the positive-feedback loop that underlies
leading-edge stability and activity. Although the spontaneously
polarized RAW cells used in the present study were not chemo-
taxing, previous studies of chemotaxing neutrophils have shown
that blockade of Ca®* entry with extracellular EGTA or La®*
blunts Ca?" signaling and directed cell migration (1-5), and the
present study shows that Ca?* influx in RAW cells is necessary for
prolonged PI3K activity in response to chemoattractant. It follows
that Ca?* influx and the positive-feedback loop in which it partic-
ipates are likely to play central roles in leukocyte polarization,
leading-edge maintenance, and chemoattractant signaling.

We also present evidence that PKCa is specifically recruited to
the leading edge of spontaneously polarized, actively ruffling RAW
cells. The simplest explanation for this observation is that the
essential Ca?* influx involved in the positive-feedback loop triggers
or maintains a localized, cytoplasmic Ca?* signal at the leading
edge. Tt is not yet clear whether this Ca?" signal arises predomi-
nantly from the extracellular Ca?>* influx or, rather, from intracel-
lular Ca?* stores. In the latter case, the extracellular Ca?" influx
would be required to trigger release from intracellular stores, or
replenish intracellular stores. In either case, the resulting localized
Ca?* signal activates the PKCa C2 domain, which recruits the
protein to the plasma membrane. In an attempt to image Ca®" at
the leading edge, we loaded minimal quantities of the fluorescent
Ca?* indicators Fluo3-AM and FuraRed-AM into ruffling RAW
cells. However, these small-molecule Ca?* indicators eliminated
ruffling and localization of the PI3K activity sensor GFP-Akt1PH
at the leading edge (data not shown). Such leading-edge collapse
presumably arose from the well documented Ca?* buffering effects
of these highly mobile, high-affinity Ca?>* chelators (37, 38), which
would buffer low magnitude Ca?* signals. Overall, the small-
molecule Ca?* indicator studies failed to provide additional infor-
mation on the spatial extent of the Ca* signal, but they did provide
further evidence highlighting the importance of Ca?* signaling in
leading-edge structure and activity.

The identity of the plasma membrane Ca?* channel responsible
for the required Ca?" influx is unknown, but two plausible candi-
dates exist. One is a subfamily of noncapacitative, P1(3,4,5)P5-gated
Ca?* influx channels of the transient receptor potential (TRP) class
(39). Such TRP channels have been described in leukocytes (11, 12,
40) and in neuronal growth cones (41, 42). The other is a Ca?*
channel regulated by extracellular ATP, which could either directly
gate the channel or activate a signaling pathway leading to channel
gating. Recent evidence indicates that local secretion of ATP at the
leading edge of chemotaxing neutrophils is essential for gradient
sensing (43), which raises the possibility of a link between ATP
secretion and Ca?" influx.

Finally, several possibilities exist for the circuit connections
between the leading-edge Ca®* signal and the PI3K/F-actin posi-
tive-feedback loop. In other cells, Racl has been implicated in the
PI3K/F-actin positive-feedback loop (17, 22), but we have not yet
directly assessed the role of Racl activity in the RAW macrophage
Ca?"/PI3K/F-actin feedback loop. Given that Racl may also par-
ticipate, one intriguing possibility is the involvement of CAPRI, a
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Racl scaffold protein containing two C2 domains that promote
Ca?*-dependent membrane translocation (44). CAPRI has been
shown to be necessary for Racl translocation to macrophage
phagosomes (45), which also exhibit a local Ca?* signal during
phagocytosis (9). Thus, a Ca>*/CAPRI-dependent mechanism for
Racl targeting could serve to augment signaling from Racl-
sensitive PI3Ky (46). An equally intriguing possibility is that the
Ca?*-triggered recruitment of endogenous PKCa, which we have
observed in the polarized RAW macrophages (data not shown),
could be required for phosphorylation of MARCKS (47, 48), which
is linked to PI(4,5)P, sequestration and actin remodeling.

In closing, excessive macrophage migration plays an important
role in inflammatory diseases such as asthma (49), chronic obstruc-
tive pulmonary disease (50), and rheumatoid arthritis (51). Thus,
targeting the channels or effectors responsible for the essential
Ca?" influx could represent a strategy in developing therapeutics
for these diseases. More broadly, further studies are needed to
determine the generality of the Ca?* influx in other migrating cells
and to elucidate its fundamental molecular mechanisms.

Materials and Methods

Materials. RAW264.7 murine macrophage-like cells were obtained
from the American Type Culture Collection (Manassas, VA).
Antibiotic G418, latrunculin B, LPS, wortmannin, SKF96365, ATP,
fibronectin, and endotoxin-free BSA were from Sigma (St. Louis,
MO). TRITC-conjugated anti-Racl was from BD Transduction
Laboratories (Lexington, KY). Alexa Fluor 488-phalloidin and
Lipofectamine 2000 were from Invitrogen (Carlsbad, CA). pEGFP-
Akt1PH was subcloned from IMAGE clone 4562823 (residues
1-120) into pEGFP(C1) (Invitrogen). Construction of pYFP-
PKCa and pGFP-PLC§,PH was described (30). EGFP-actin was a
gift from N. Ahn (University of Colorado).

Cell Culture. Cells were cultured and transfected as described (31),
and stable cell lines were produced by using antibiotic G418. Before
experiments, stably transfected cells were cultured on glass-
bottomed 35-mm dishes (MatTek, Ashland, MA) in culture me-
dium without antibiotics at 1 X 10° cells per plate for a minimum
of 3-4 h to allow cells to establish a polarized morphology. For
experiments in Fig. 4 and SI Fig. 12, cells were plated on dishes
treated with human fibronectin.

Live-Cell Fluorescent Protein Imaging. Live-cell imaging experiments
were performed as described (31). Final images were produced by
using Adobe Photoshop (Adobe Systems, Mountain View, CA) and
ImageJ (National Institutes of Health, Bethesda, MD; http:/
rsb.info.nih.gov/ij/). Videos were produced with ImageJ and Quick-
Time Pro.

Image Analysis. Analysis of fluorescence distribution in cells in Figs.
1, 2, and 4 was performed by integrating the background- and
bleach-corrected fluorescence from the leading-edge region (de-
fined by ruffles) and cell body (see diagram in SI Fig. 6A4).
Fluorescence change with respect to time was normalized to the
fluorescence values of the leading-edge region and cell body at ¢ =
0's. Analysis of fluorescence distribution in Fig. 4 was performed by
determining the background- and bleach-corrected average pixel
intensity from the cytosolic region of the cells.
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